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Biomedical applicationsAbstract A new clover slot antenna operating at 2.45 GHz Industrial, Scientific, and Medical
(ISM) band for biomedical applications is presented and experimentally verified. By putting a single
feed and truncating clover slots with extra perturbation, good performance of polarization can be
achieved. Also, the miniaturized size of the proposed antenna is 14  12  0.8 mm3 by utilizing the
clover shaped slots. A broader bandwidth of 2.5 GHz is obtained for reflection coefficient less than
10 dB. In addition, the radiation pattern of proposed antenna exhibits the maximum gain of
6 dBi.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the gradual improvement of the wireless communication
system in modern biomedical field, implanted antennas play a
very crucial role in communicating with external devices.
Therefore, the antennas intended for biomedical applications
have been arising public horizons (Fig. 1). However, because
of its special implantable peculiarity, the requirements of size
reduction and circular polarization largely reducing the multi-
path loss are put forward [1]. Many technologies to realize the
miniaturization include cutting wide range of slots in the radi-
ator patch or the ground plane to extend effective current path,
loading shorting pins, loading stubs, embedding tails along the
edge and employing slits [2–4]. Despite these technologies canreduce the size more or less, they have their own disadvan-
tages. For example, cutting slots has the disadvantage of less
effective size reduction. Say you cut slots in the ground; there
will also be backward radiation. The technology of embedding
tails will also increase the antenna’s profile. Not only do
implantable antennas have the miniaturized size, but also it
is beneficial to have circular polarization [5].
Patch designs are preferred for implantable antenna design,
because of their flexibility in conformability and shape [6].
Communication is generally performed in the Medical Implant
Communications Service (MICS) band (402–405 MHz) and
Industrial, Medical and Scientific (ISM) band (2.4–2.48 GHz)
[7,8]. Numerical and experimental investigations of implanta-
ble antennas have proven to be highly intriguing, and have
attracted significant scientific interest [9].
In this paper, a miniaturized clover shaped antenna is oper-
ating at 2.45 GHz. A three layer phantom (Skin, Fat, and
Muscle) model is established for approximate human body.
Compared to the conventional patch antenna operating at a
fixed frequency, the proposed antenna can reach to 72% size. (2016),
Figure 1 Example of proposed antenna.
Table 1 Dielectric properties of human tissues at 2.45 GHz.
Tissue Relative permittivity Conductivity (S/m)
Muscle er = 52.7 Sigma = 1.73
Skin er = 38 Sigma = 1.46
Fat er = 5.28 Sigma = 0.10
Bone er = 18.54 Sigma = 0.80
2 S. Ashok Kumar, T. Shanmugananthamreduction. By truncating square corners and extra disturbance
elements, the polarization can be realized excellently.
2. Antenna design
Antenna design: As shown in Fig. 1, the configuration of the
proposed antenna for the implantable applications is pre-(a)
Figure 2 (a) Antenna struct
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200 mm  200 mm  120 mm is established to be analogous
to human environment. The proposed clover shaped antenna
is fabricated on the substrate of the Alumina ceramic
(Al2O3) with a relative permittivity of 9.8 and a loss tangent
of 0.001. Meanwhile, the square size of the miniaturized
antenna is 14  12  0.8 mm3. The superstrate is made of the
same material (Al2O3). The dielectric properties of human
phantom at 2.45 GHz are tabulated in Table 1. Note that
the implant depth is 4 mm. From Fig. 1b, the photograph of
fabricated antenna was shown.
3. Analysis modeling
In this paper, the CPW fed clover slot antenna structure is
shown in Fig. 2 and it is investigated. For analysis modeling,(b)
ure. (b) Prototype model.
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Figure 3 Imaginary part of equivalent circuit model of proposed antenna.
Figure 4 Photograph for experimental setup.
Table 2 Preparation of human body phantom liquids at
2.45 GHz.
Skin Fat Muscle
Deionized water 50% 2.9% 59.5%
Nacl – 0.1% 0.5%
Sugar 50% – 40%
Vegetable oil – 30% –
Flour – 67% –
Figure 5 Comparison of return loss vs frequency.
Design of clover slot antenna 3this clover slot antenna is decomposed into two parts. One part
of this antenna implies that two quasi-TEM modes will be
propagated in the waveguide. The imaginary part equivalent
circuit model for the proposed antenna is shown Fig. 3. The
parts are described by transmission line equation for which
the characteristic impedance (Z0), eeff, and attenuation con-
stant (dB/cm) are determined by the quasi static formulas
based on the model order reduction technique [10].
Draw the equivalent transmission circuit model for Fig. 4
using L and C components. Based on the Model Order Reduc-
tion method simplify the circuit and find the input impedance
of an implantable antenna. It follows that
Zin ¼ Z1==fZ2 þ ðZ3==Z4Þ þ Z5g ð1Þ
HðsÞ ¼ ðsLÞ
2
s8L4C3 þ 5s6L3C3 þ 10s4L2C2 þ 10s2LCþ 1 ð2Þ
Based on Eqs. (1) and (2), the k, VSWR, S11 and bandwidth
can be computed using the following relations [10]:Please cite this article in press as: S. Ashok Kumar, T. Shanmuganantham, Design
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zin þ z0 ð3Þ
VSWR ¼ 1þ jkj
1 jkj ð4Þ
Return loss ¼ 10 log 1
k2
¼ 20 logðkÞ ð5Þof clover slot antenna for biomedical applications, Alexandria Eng. J. (2016),
Figure 6 H-field (a) Co polar. (b) Cross polar.
Figure 7 E-field (a) Co polar. (b) Cross polar.
Table 3 Comparison results of other implanted antennas.
Ref. no Dimensions
(mm3)
Gain
(dB)
10 dB Bandwidth
(MHz)
[8] 1524.0 16 12
[4] 1265.6 25 120
[3] 588 8 140
This
paper
134.4 6 180
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In order to validate the simulation results, the proposed
antenna was fabricated and measured in a beaker filled with
phantom liquid simulating body environment. Fig. 4 showsof clover slot antenna for biomedical applications, Alexandria Eng. J. (2016),
Design of clover slot antenna 5the return loss measurement setup of proposed implanted
antenna. The recipes of the phantom liquid such as skin, fat
and muscle are presented in Table 2. In this measurement,
the dipole has an effect on demonstrating the polarization of
the implanted antenna.
By altering the angle of the dipole, the polarization of the
proposed antenna can be well verified. As shown in Fig. 5, S
– parameters of the clover slot antenna are measured. Because
of the possible fabricated tolerance and the problem of the
purity of liquid, the measured S11 of the designed antenna is
less than 10 dB ranging from 2.4 GHz to 2.6 GHz. The
receiving antenna also operates at 2.45 GHz with the relative
wider bandwidth. The radiation pattern of the proposed anten-
nas was also measured as receiving antenna was located at dif-
ferent angles.
As shown in Fig. 6, the polarization of the proposed
antenna working at 2.45 GHz performs well in spite of the
angles. In all, we can achieve the good performance of the
polarization at around 2.45 GHz.
The gain of proposed antenna exhibits maximum of 6 dBi
for h= 0 and u= 0 and it is shown in Figs. 6 and 7. The
antenna gain is negative because the antenna is embedded into
human tissue, not in free space. The proposed antenna exhibits
miniaturization, lower return loss, good VSWR, better impe-
dance matching and high gain compared to the existing
implanted antennas as presented in Table 3.
5. Conclusion
Aminiaturized clover shaped implantable antenna for biomed-
ical applications has been proposed in this paper. The minia-
turized size of 14  12  0.8 mm3 is obtained by utilizing the
loop structure and meandering slots. Moreover, the proposed
antenna can achieve 72% size reduction. By truncating
diagonal corners, the polarization is also well implemented in
different radical directions.Please cite this article in press as: S. Ashok Kumar, T. Shanmuganantham, Design
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